Infection with the human pathogen Vibrio vulnificus leads to the generation of reactive oxygen species (ROS) via NAD(P)H oxidase (Nox) in host cells. In the present study, we employed mutant V. vulnificus strains to identify an essential virulence factor responsible for this ROS generation. We found that repeats-in-toxin A1 (RtxA1) expressed by V. vulnificus acts via Nox1 to induce significant ROS generation in the intestine epithelial cells, which ultimately results in cell death. Furthermore, RtxA1 modulates the small GTPase Rac2, which is known to play an important role in the activation of Nox. When mice were infected by the oral method, in contrast with the wild-type bacteria, an RtxA1-deficient V. vulnificus mutant was unable to induce ROS generation within the intestine and failed to cause death. These findings strongly suggest that RtxA1-induced Rac2 expression is a critical step underlying the pathogenicity of V. vulnificus.
The estuarine bacterium Vibrio vulnificus is an opportunistic human pathogen that causes a rapidly progressing form of fatal septicemia. This pathogen is acquired through wound infection or ingestion of contaminated seafood by individuals experiencing chronic diseases affecting either liver function or the immune system [1] . The mortality rate among these patients is ∼70% and is attributable, in large part, to septic shock [2, 3] . The virulence factors thought to contribute to septic shock include capsular polysaccharides, a metallopro-teinase, flagellar, pili, and the repeats-in-toxin A1 (RtxA1) [4] . Among these, RtxA1 is thought to play a key role in mediating the virulence of V. vulnificus [5, 6] . In addition, reactive oxygen species (ROS) generated by V. vulnificus-infected host cells induces p38 mitogenactivated protein kinase, which leads to cell death [7] . Although several microbial and host factors associated with V. vulnificus infection have been proposed, the precise effects of ROS in V. vulnificus-infected eukaryotic cells and the microbial factor stimulating ROS generation remain unclear.
ROS are known to play important roles in diverse biological processes [8, 9] . The best known superoxide anion (O 2 Ϫ )-producing enzyme is phagocyte respiratory burst oxidase, which plays a crucial role in killing microorganisms. Phagocytic oxidase (phox) is comprised of the membrane-integrated flavocytochrome b558 (gp91 phox and p22 phox ), several cytosolic regulators (p47 phox , p67
phox , and p40 phox ), and the small GTPase Rac1 or Rac2. Homologues of gp91 phox have also been identified in nonphagocytic cells in several tissues [10] . For example, NAD(P)H oxidase 1 (Nox1) was identified in colon and vascular smooth muscle [11] , and DC (CVD752) MO6-24/O with capsular transposon mutant [14] DvvpE (CMM1049) MO6-24/O with metalloprotease (vvhE) deletion [15] DvvhA (CMM1053) MO6-24/O with cytolytic hemolysin (vvhA) deletion [13] DrtxA1 (CMM770) MO6-24/O with rtxA1 deletion [13] DrtxA1/pRTX (CMM774) CMM770 harboring pLAFR3::rtxA1 [13] Nox1 in epithelial cells contributes to host defense by mediating the formation of O 2 Ϫ [9] . On the other hand, ROS are also key players during the propagation and execution of necrotic cell death [12] . Recently, our group demonstrated that RtxA1 induces cytoskeletal rearrangements and plasma membrane blebbing that culminate in necrotic cell death [13] . In the present study, we extend those findings by demonstrating the molecular mechanisms underlying the cytotoxicity of V. vulnificus. We demonstrated that the RtxA1 induces excess ROS generation from Nox1 via Rac2 activation in host. These findings have important implications for the pathogenicity of V. vulnificus in eukaryotic host cells and provide new insight into host-pathogen interactions.
MATERIALS AND METHODS

Cells and mice.
The CMT-93 murine intestinal epithelial cell and Caco2 human intestinal cell line (ATCC) were grown in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum under a humidified 5% CO 2 atmosphere at 37ЊC. Mice (8-10 weeks of age) with C57BL/6J background were bred under specific pathogen-free conditions and cared for in accordance with the Animal Care Regulations of Chonnam National University (accession number: CNU IACUC-YB-2008-1). Gpx1-deficient mice with C57BL/6J background were generously provided by Dr. Ye-Shih Ho of Wayne State Medical School (Detroit MI). To minimize interference in the assays by intestinal microbial flora, for 3 weeks prior to the assay, the intestine was cleaned by feeding the mice water supplemented with antibiotics (1000 U penicillin, 1000 mg streptomycin, and 2.5 mg amphotericin B per mL).
Bacterial infection and in vitro cytotoxicity assays. The bacterial strains used are listed in Table 1 . V. vulnificus strains were cultured in heart infusion broth (BD) supplemented with 2.0% NaCl. For in vivo infection, mice were starved for 1 day and then orally administered colony-forming units 9 1 ϫ 10 (CFU) of V. vulnificus cells in 1 mL of heart infusion medium. To determine expression of RtxA1 in vivo, CFU of wild-7 1 ϫ 10 type or rtxA1 mutant V. vulnificus in 5 mL of phosphate-buffered saline were administered to mice by peritoneal injection. After 5 h, bacteria was harvested from the peritoneal cavity and subjected to total RNA extraction. For in vitro studies, epithelial cells ( or ) in serum-and antibiotic-free me- 4 6 2.0 ϫ 10 1.0 ϫ 10 dium were infected with wild-type or mutant strains of V. vulnificus at a multiplicity of infection (MOI) 100 ( or 6 2 ϫ 10 CFU). Cytotoxicity was determined on the basis of 8 1 ϫ 10 lactate dehydrogenase release using a CytoTox96 Non radioactive Cytotoxicity kit (Promega). Where indicated, host cells ( ) were preincubated for 1 h with 25 mM N-acetyl 4 2.0 ϫ 10 cysteine (Sigma), 2% dimethylsulfoxide (Sigma), 25 mM diphenylene iodonium (DPI) (Sigma), or 3 mM cyclosporin A (CsA) (Sigma) and then infected with V. vulnificus at MOI 100 Measurement of ROS production and Nox activity determination. Levels of ROS were measured using flow cytometry and confocal microscopy. For the flow cytometry, Caco2 ( ) cells incubated with 4 mM dichlorofluorescin 6 1.0 ϫ 10 diacetate (Invitrogen) for 30 min, and then infected for 30 min with V. vulnificus at MOI 100. Cells were then subjected to flow cytometry analysis to quantify fluorescent oxidized dichlorofluorescin (Beckman Coulter). For confocal microscopy, CMT-93 cells were incubated with 10 mM dihydroethidium (Invitrogen) for 20 min before treatment with V. vulnificus at MOI 100 for the indicated time. The infected cells were examined using a laser-scanning confocal microscope (Bio-Rad). Protein carbonylation in intestinal samples was assayed using an Oxyblot Protein Oxidation Detection Kit (Chemicon) according to the manufacturer's instructions. Nox activity was measured using a luminescence assay, as described previously [16, 17] .
Western blot analysis. Epithelial cells ( ) were in- 6 1.0 ϫ 10 fected with wild-type or mutant V. vulnificus at MOI 100 for 1 h. The infected cells were then processed for Western blot analysis as described previously [18] . The antibodies used included anti-Nox1, anti-p47, anti-Rac1, anti-Rac2 (Santa Cruz Biotechnology), and anti-b-actin (Sigma). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology), and immunoreactive proteins were detected using an Enhanced Chemiluminescence Substrate system (iNtRON Biotechnology).
Reverse transcription polymerase chain reaction (RT-PCR) and stealth RNA interference (RNAi). Total RNA was extracted from cells using TRIzol (Invitrogen), after which cDNA was reverse transcribed from 1-mg samples of total RNA using SuperScript II reverse transcriptase (Invitrogen) and oligo-dT-3 primer. The primer sequences used for RT-PCR were as follows: for Nox1, 5 -CGCTCCCAGCAGAAGGTCGTCGTGAT-TACCAAGG-3 (forward) and 5 -GGAGTGACCCCAATCCC-TGCCCCAACCA-3 (reverse); for Nox2, 5 -CCAGATGCAGG-AAAGGAACAA-3 (forward) and 5 -CATCATGGTGCACAG-CAAAGT-3 (reverse); for Nox4, 5 -TGTTGGGCCTAGGAT-TGTGTT-3 (forward) and 5 -AGGGACCTTCTGTGATCC-TCG-3 (reverse); and for b-actin, 5 -AGCCATGTACGTAGC-CATCC-3 (forward) and 5 -TTTGATGTCACGCACGATTT-3 (reverse); RtxA1, 5 -TCAACCGTTATCAAGGCTCG-3 (forward) and 5 -ATATCGCCCACTTTGCCTTT-3 (reverse); 16S rRNA, 5 -AACGAGCGCAACCCTTATCC-3 (forward) and 5 -ACTCCAATGGACTACGACGCAC-3 (reverse). For RNAi studies using synthetic stealth duplex oligoribonucleotides (Invitrogen), the following specific or negative control RNAs were used: for Nox1 (MSS215270), 5 -GCUAUGGAGUUUAUCCG-CAGGAAUU-3 ; for Rac2 (MSS237710), 5 -ACUUGACUGAA-UCAAUAUCCUUGGC-3 ; and stealth RNAi negative control. For transfection, CMT-93 cells were seeded onto 6-well plates to a density of cells/plate. The next day, the cells were 6 0.5 ϫ 10 transfected with 100 nM small interfering (siRNA) using oligofectamine (Invitrogen) according to the manufacturer's instructions. Forty-eight h later, the cells were infected with V. vulnificus at MOI 100. Statistical analysis. Data derived from 3 independent experiments are expressed as mean error of values ‫ע‬ standard the mean. Standard t tests and analysis of variance followed by the Bonferroni test were used to assess the statistical significance of differences between and among groups. Mouse survival was analyzed with use of the Kaplan Meier method and the logrank test.
was considered to be statistically significant. P ! .05
RESULTS
Role of ROS in the cytotoxicity of V. vulnificus. To assess the involvement of ROS in the cytotoxicity of V. vulnificus toward host cells, Caco2 and CMT-93 cells were infected with the pathogen, after which cytotoxicity was assayed. Infection with bacteria caused lactate dehydrogenase release, which began 1 h after infection and was complete within 2 h ( Figure  1A ). Approximately 30 min after infection, hydrogen peroxide Figure 1D ). Taken together, these results suggest that ROS play a key role in V. vulnificus cytotoxicity. ROS generation via Nox1 in infected host cells. ROS are known to be generated via either Nox or the mitochondrial Figure 3 . Effects of repeats-in-toxin A1 (RtxA1) on cytotoxicity and reactive oxygen species (ROS) generation. A and B, Cytotoxicity following infection with wild-type (WT) and the indicated mutant strains of Vibrio vulnificus for 2 h at a multiplicity of infection (MOI) of 100 was measured. Intracellular ROS levels in infected cells were assayed using confocal image analysis (C) and flow cytometry analysis (D). E, NAD(P)H oxidase (Nox)activity in host cells infected with wild-type or DrtxA1 strains was determined using lucigenin-based assays. ** . D+WT, wild-type infection with DPI P ! .01 pretreatment; DCF, dichlorofluorescin; DHE, dihydroethidium; N/I, noninfected.
respiratory chain [19] . We therefore used DPI, a Nox inhibitor, and CsA, an inhibitor of mitochondrial membrane pore formation required for ROS generation, to investigate the relative contributions of the 2 pathways to ROS generation. Pretreatment with DPI markedly reduced V. vulnificus cytotoxicity, whereas CsA had only a marginal effect (Figure 2A) . We also examined Nox activity and detected higher levels of NAD(P)Hinduced lucigenin chemiluminescence in the infected cells (Figure 2B) . DPI significantly blocked the Nox activation following infection.
Nox1 and Nox4, 2 homologues of phagocytic gp91 phox (also known as Nox2) are reportedly the enzymatic source of ROS in epithelial cells [20] . RT-PCR analysis revealed that only Nox1 messenger RNA (mRNA) was substantially increased in CMT-93 cells after 1 h postinfection ( Figure 2C ). Western blot analysis showed that the level of Nox1 protein was also increased after infection ( Figure 2D ). We next verified the involvement of Nox1 in V. vulnificus-induced cytotoxicity using Nox1 specific siRNA. After infection, Nox1-specific siRNA reduced detectable levels of induced Nox1 protein ∼30%, compared with the negative control (Mock), which correlated with an inhibition of Nox1 activity ( Figure 2E ) and a reduction in V. vulnificus-induced cytotoxicity ( Figure 2F ). These results suggest that the ROS generation that appears to underlie V. vulnificus cytotoxicity is mediated via Nox 1 activation.
RtxA1 is primarily responsible for the ROS-mediated cytotoxicity. To identify bacterial factors responsible for the observed ROS-mediated cytotoxicity, we examined various bacterial mutants that were deficient in capsular polysaccharide (DC), cytolysin (DvvhA), metalloprotease (DvvpE), or RtxA1 (DrtxA1) using CMT-93 cells ( Figure 3A) . We found that only the DrtxA1 strain showed a clear reduction in cytotoxic activity. The same was observed in Caco2 cells ( Figure 3B ). In addition, the reduced cytotoxicity was restored by transcomplementation with a plasmid-encoded wild-type rtxA1 allele (DrtxA1/pRTX) ( Figure 3B ). The reduced cytotoxicity following DrtxA1 infection corresponded to a marked reduction in the generation of both O 2 Ϫ ( Figure 3C ) and H 2 O 2 ( Figure 3D ), which also was restored in the DrtxA1/pRTX strain. Moreover, when we assessed the Nox activity in host cells infected with the wild-type or DrtxA1 strain, we found that the respective Nox activities correlated with ROS generation, because infection with DrtxA1 failed to induce Nox activity, compared with wild-type bacteria ( Figure 3E ). RtxA1 thus appears to be the primary mediator of the ROS generation that underlies the cytotoxicity of V. vulnificus.
RtxA1 modulates Nox1 activity via Rac2 activation. Because Rac GTPase and p47
phox play essential roles in the activation of Nox [21] , we next used Western blot analysis to test whether RtxA1 modulates Nox1 via Rac and p47 phox . The DrtxA1 mutant induced expression of Nox1, but the levels of Rac2 expression were significantly lower (∼80% lower) than those in host cells infected with the wild-type strain ( Figure  4A ). No Rac1 was detected in either strain of V. vulnificusinfected host cells (data not shown). The levels of p47 phox expression were not different in cells infected by the DrtxA1 mutant. In addition, like cytotoxicity and Nox1 activity, levels of Rac2 expression were completely restored in the DrtxA1/pRTX strain. We further examined the involvement of Rac2 in Nox activation using Rac2-specific siRNA. The Rac2-specific siRNA had significantly inhibited induction of Rac2 (by ∼30%), compared with the negative control (Mock) (Figure 4B ), which . The small intestines of mice P ! .01 ( ) infected orally with colony-forming units (CFU) of V. vulnificus were divided into 3 segments (S1, S2, and S3), whereas the large 9 n p 5 1 ϫ 10 intestine was divided into 2 segments (L1, cecum; L2, colon). C, Levels of oxidative stress in the infected small intestine (S2) were estimated by the measuring protein carbonylation. D, In survival assays, wild-type (WT) or Gpx1-null (Gpx1 Ϫ/Ϫ ) mice ( ) were orally infected with wild-type (WT) n p 10 or DrtxA1 strains of V. vulnificus ( cells per mouse), after which mouse survival was monitored for 100 h. 9 1 ϫ 10 correlated with a reduction in Nox1 activity ( Figure 4C ). Apparently, RtxA1 triggers induction of Rac2, which in turn activates Nox and the generation of ROS. RtxA1 contributes to the ROS generation in the intestinal tracts of V. vulnificus-infected mice. To determine expression of RtxA1 after host contact in vivo, we injected 7 1 ϫ 10 CFU of wild-type or rtxA1 mutant V. vulnificus into peritoneal cavity of C57BL6/J mice. After 5 h, bacteria were harvested, and total RNA was extracted and subjected to RT-PCR. The expression of the RtxA1 mRNA from wild-type bacteria in the peritoneal cavities of mice was found to increase ∼8-fold, compared with phosphate-buffered saline-cultured bacteria, whereas this mRNA was not detected in rtxA1 mutant strain in both conditions ( Figure 5A ). To then investigate whether V. vulnificus infection triggers RtxA1-dependent ROS generation in vivo, mice were orally infected with bacteria cells 12 h later, and levels of intestinal Nox activity and protein carbonylation were assayed. Nox activity was increased in the small intestine of mice infected with wild-type V. vulnificus; the largest increase was in the middle part of the small intestine (S2), whereas lower levels were detected in the large intestine ( Figure 5B ). By contrast, no increase in Nox activity was detected in DrtxA1-infected mice, but the Nox activity was restored in DrtxA1/ pRTX-infected mice. Protein carbonylation is a hallmark of protein oxidation. We therefore used a carbonyl-specific antibody to assess protein carbonylation as a marker of ROS generation in the small intestine. We observed that the levels of protein carbonylation were well correlated with the Nox activity ( Figure 5C ).
Finally, we carried out a survival test to determine whether RtxA1 is the key factor underlying the lethality of V. vulnificus. Mouse survival was evaluated following oral infection with wild-type or the DrtxA1 mutant strain. All the mice infected with the wild-type strain died within 70 h, whereas 80% of the DrtxA1-infected mice survived for 100 h after infection ( Figure  5D ). We also evaluated the involvement of ROS in the lethality of V. vulnificus with use of antioxidant-deficient (glutathione peroxidase 1 null; Gpx1 Ϫ/Ϫ ) mice ( Figure 5D ). We found that Gpx1 Ϫ/Ϫ mice were statistically significantly more susceptible to lethal infection with wild-type V. vulnificus than were their wild-type littermates ( ; 10% survival within 20 h after P ! .05 infection). These findings suggest that RtxA1 and ROS are essential mediators of the establishment and progression of V. vulnificus infection and that the antioxidant enzyme Gpx1 plays a crucial protective role against infection.
DISCUSSION
V. vulnificus is distinguished from other Vibrio species by its high cytotoxicity and its active invasiveness in animal tissues. In this study, we found that RtxA1 expressed by V. vulnificus is the major effector, triggering activation of Nox1 via Rac2 modulation in host cells. Also noteworthy is our finding that transgenic mice deficient in antioxidant enzymes are more susceptible to V. vulnificus infection than are their wild-type littermates. Our study strongly suggests that acute ROS generation induced by RtxA1 in host cells is largely responsible for the pathogenicity of V. vulnificus.
Among the various exotoxins expressed by V. vulnificus, cytolytic hemolysin (VvhA) and metalloprotease (VvpE) have often been postulated to play important roles in mediating pathogenicity [22, 23] . However, the cytotoxicity and lethality of strains in which vvhA and/or vvpE were null-mutated were similar to that of isogenic wild-type strains [24, 25] . RtxA1, a 500-kDa RTX, was found to be the key determinant of virulence responsible for the hallmark cytotoxicity of V. vulnificus [5, 13] , although the mechanism by which RtxA1 triggers necrotic cell death and contributes to the invasiveness of V. vulnificus remained unclear. In the present study, we suggest that ROS generated by the host cell's Nox system in response to V. vulnificus RtxA1 is a major contributor to necrotic cell death and mouse mortality. The necrotic cell death is as well controlled and programmed as caspase-dependent apoptosis [26] . Moreover, it is well established that ROS is an important mediator involved in the propagation and execution of necrotic cell death [27] . We detected the generation of O 2 Ϫ as early as 15 min after infection, whereas overt cell death was noted within 90-120 min, depending upon the host cell line tested. We suggest that ROS generated at an early stage of infection triggers у1 specific signaling pathway leading to necrotic cell death. RtxA1 belongs to the RTX family of toxins, which all contain a repetitive motif consisting of a 9-amino acid repeat [4] . Vibrio cholerae RtxA toxin (VcRtxA), which is highly homologous to V. vulnificus RtxA1 (VvRtxA), induces covalent cross-linking of G-actin, resulting in the aggregation and depolymerization of stress fibers, but it does not confer overt cytotoxicity [28, 29] . Conversely, VvRtxA, which was increased after host contact in both in vitro and in vivo, is highly cytotoxic but does not induce covalent actin cross-linking [13] . At the amino acid level, VcRtxA and VvRtxA is 80%-90% identical throughout most regions of the toxin, but each toxin possesses its own unique domains [28] . VvRtxA have 2 unique domains (amino acids 1961-2274 and 3202-3557), which might be responsible for the contact-dependent acute cytotoxicity associated only with the VvRtxA. One discrete VcRtxA domain is reportedly involved in the reversible inhibition of small Rho GTPase [30] . VvRtxA has a similar domain, but whether it also interacts with small Rho GTPases in host cells remains unknown.
In the present study, RtxA1 specifically activated Rac2, another member of the Rho GTPase family and a critical molecular switch for Nox1 activation. With respect to ROS generation, Nox1 reportedly requires the help of Rac1, a regulatory component [9, 10] . However, RtxA1 appeared to induce Nox1 activation dependent on Rac2 which is the predominant isoform mediating Nox2 activation in neutrophils [10, 31] . In UV-irradiated human lens epithelial cells, ROS are also generated via Rac2 and Nox1 [32] . Therefore we suppose that RtxA1 is uniquely activated the Nox1/Rac2 components of the Nox system, and bacterial constituents might further stimulate these components to produce profuse amounts of ROS.
Host cell ROS generation in response to bacterial infection is an important component of innate immunity. However, excessive production of ROS as a result of host-pathogen interaction could lead to oxidative stress and have a detrimental effect on the host. In a Caenorhabditis elegans model, antioxidant enzymes were shown to protect proteins from damage attributable to oxidative stress caused by Enterococcus faecalis infection, thereby enabling the worms' survival [33] . Our finding that Gpx1-null mice were more susceptible to V. vulnificus infection than wild-type animals is consistent with that scenario and suggests that the ability of Gpx1 to scavenge ROS is important for surviving the acute oxidative stress by V. vulnificus infection. The same group previously showed that ROS are generated when the worms were exposed to the pathogen, and it was suggested that protein quality control was disrupted at the site of infection [34] . In this study, only a segment of the small intestine (S2) infected with V. vulnificus showed Nox activation and increased protein carbonylation. We therefore suggest that the small intestine (S2) is the primary site of V. vulnificus infection after oral administration to mice.
In conclusion, the results of our in vivo and in vitro experiments suggest that V. vulnificus RtxA1 triggers excess host cellular ROS generation via Rac2 cooperative Nox1 activation. The excess ROS, in turn, triggers cell death that is responsible for the pathogenicity of V. vulnificus.
